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Abstract

Introduction

1 In a study site in interior northern California, twenty individual lodgepole pines

Pinus contorta were sprayed with a suspension of DISRUPT Micro-Flake®
Verbenone (4,6,6-trimethylbicyclo(3.1)hept-3-en-2-one) Bark Beetle Anti-
Aggregant flakes (Hercon Environmental, Emigsville, Pennsylvania) in water,
with sticker and thickener, from ground level to a height of 7 m. Twenty trees
sprayed with just water, sticker and thickener served as controls. All trees were
baited immediately after spraying with mountain pine beetle Dendroctonus ponde-
rosae aggregation pheromone lures, and lures were refreshed after 4 weeks.
Trees treated with verbenone had significantly lower attack density by D. ponde-
rosae than controls at 2, 4, 6 and 8 weeks after application of flakes.

None of the treated trees was attacked by red turpentine beetle Dendroctonus
valens, whereas control trees averaged nearly two D. valens attacks per tree, 8
weeks after treatment.

A dry frass index, used to predict ultimate tree mortality, was significantly higher
in control trees than treated trees for all four sampling intervals. This index
proved to be a significant predictor of ultimate tree mortality.

Ten months after application, treated trees showed significantly lower mortality
than control trees.

Keywords Individual tree protection, lodgepole pine, mountain pine beetle,
pheromones, Pinaceae, red turpentine beetle, Scolytinae, Scolytidae, semiochem-
icals, 4,6,6-trimethylbicyclo(3.1)hept-3-en-2-one.

colonize millions of acres of jack pine Pinus banksiana Lamb.
in the vast boreal forests of Canada and the north central

The mountain pine beetle Dendroctonus ponderosa Hopkins
is the most important pest of lodgepole pine Pinus contorta
Douglas ex Loudon throughout its range in North America
(Furniss & Carolin, 1977; Wood et al., 2003). Dendroctonus
ponderosae typically erupts in large, episodic outbreaks. A
current infestation in British Columbia, Canada has already
reached over 11 million hectares in size and has breached the
Continental Divide, spilling over into interior North America
(Wilent, 2005). There is concern that D. ponderosae will

Correspondence: Nancy E. Gillette, USDA Forest Service, PSW
Research Station, PO Box 245, Berkeley, CA 94701, U.S.A. Tel.: 41
510 559 6474; fax: 4+1 510 559 6499; e-mail: ngillette @fs.fed.us

© 2006 The Authors
Journal compilation © 2006 The Royal Entomological Society

U.S.A., and that global climate change will favour D. ponde-
rosae range extensions into this habitat (Logan & Powell,
2001; Wilent, 2005). Indeed, jack pine and another boreal
pine, Pinus flexilis James, have been shown to be adequate
hosts for D. ponderosae (Cerezke, 1995). Dendroctonus
ponderosae also attacks other economically important pines,
such as ponderosa pine Pinus ponderosa Douglas ex P. & C.
Lawson (Furniss & Carolin, 1977; Wood et al., 2003) and
ecologically important pines such as whitebark pine Pinus
albicaulis Engelm. (Keane, 2001; Tomback et al., 2001;
Schwandt & Kegley, 2004). It has been suggested that factors
such as elevated stand density, fire, drought and air pollution
contribute to tree stress and thereby increase levels of bark
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beetle attack (Waters, 1985a; Amman & Logan, 1998;
McHugh et al., 2003; Elkin & Reid, 2004; Jones et al., 2004;
Safranyik et al., 2004).

Models and stand hazard rating systems have been de-
veloped to predict P. contorta susceptibility to D. ponderosae
(Amman & Logan, 1998; Shore et al., 2000; Smith ez al.,
2002; Perkins & Roberts, 2003; Negron & Popp, 2004;
Wulder et al., 2004), and many attempts have been made to
develop silvicultural (Fiddler ef al., 1989; Johnstone, 2002)
and chemical (Taylor et al., 1997; Haverty et al., 1998;
Naumann & Rankin, 1999) means to manage D. ponderosae
damage in pine stands. Although maintenance of stand health
through silviculture is arguably the most durable and effec-
tive method of protecting trees from bark beetle outbreaks
(Wood et al., 1985; Whitehead & Russo, 2005; Zausen et al.,
2005), such treatments can be difficult to implement in re-
mote, steep or environmentally sensitive pine stands.
Silvicultural treatments, such as thinning to reduce basal area
in heavily stocked stands, are labour-intensive and can
present regulatory hurdles (Waters, 1985a; Wood et al.,
1985). Proximity of infested stands to human activities, such
as parks, campgrounds and wildland—urban interfaces, can
severely limit the use of pesticides. Because silvicultural and
pesticide treatments can be used only under somewhat limited
conditions, considerable effort has been made to develop
semiochemical approaches for the control of bark beetles in
pine stands.

S-(-)-verbenone, [(1S,55)-4,6,6-trimethylbiclo[3.1.1]hept-
3-en-2-one], a beetle-produced anti-aggregation pheromone
also found in pines (Kainulainen & Holopainen, 2002) and a
wide variety of angiosperms (Molyneux et al., 1980; Guillen
& Cabo, 1996; Fournier et al., 1997; Buttery et al., 2000;
Umano et al., 2000; Pintore et al., 2002; Sefidkon et al.,
2002; Ghannadi & Zolfaghari, 2003; Robles et al., 2003),
can be effective in limiting damage to pines by Dendroctonus
spp. bark beetles (Payne & Billings, 1989; Payne et al., 1992;
Salom et al., 1995; Borden, 1997; Clarke et al., 1999;
Lindgren & Miller, 2002; Kegley et al., 2003; Progar, 2003;
Gibson & Kegley, 2004; Kegley & Gibson, 2004; Bentz
et al., 2005; Progar, 2005). Although verbenone has often
been shown to be effective, the results obtained have not been
entirely consistent. Progar (2005) reported that verbenone
pouches initially reduced bark beetle-induced pine mortality
in central Idaho, U.S.A., but that the effect did not last for
the entire 5-year treatment period. However, in that study,
the same plots were treated every year, and stand basal area
was dramatically reduced by beetle activity in both the con-
trols and surrounding untreated stands relative to treated
plots, rendering the comparison problematic. Bentz et al.
(2005) found that deployment of verbenone pouches in
lodgepole and whitebark pine stands significantly reduced
rate of attack by mountain pine beetle for up to three conse-
cutive years, but they reported that some treated plots, particu-
larly those with large emerging beetle populations, showed
higher attack rates than controls. In the two latter cases,
greater concentrations of verbenone may have been needed
to overcome high concentrations of aggregation pheromones
released from large beetle populations. In other earlier stud-
ies, failures may have resulted from photoisomerization of

verbenone to chrysanthenone (Kostyk et al., 1993), but more
recent formulations have stabilizers to prevent isomerization.
Lister et al. (1990) found that verbenone bubblecaps were
ineffective for single tree protection, but the bubblecap re-
lease devices used in their study may have release properties,
such as rate and distribution of release, that are not optimal
for protection from scolytid attack. For example, an earlier
polyolefin bead formulation was shown to release too rapidly
to provide protection throughout the beetle flight periods
(Holsten et al., 2000), probably explaining the inconsistent
results seen with that formulation in field trials (Shea et al.,
1992). We speculated that many small, point-source, reservoir-
type releasers with longer-lasting release periods, such as
flakes, might provide better pheromone dispersal and could
better simulate natural beetle release in a forest stand, giving
better efficacy than larger releasers such as pouches and
bubble-caps. In addition to potentially superior release char-
acteristics, the flakes represent a less concentrated source of
the active ingredient than do plastic pouch and bubble cap
formulations, and may present less of a risk from tampering.
The latex sticker used in the application provides excellent
adhesion over several months (N. E. Gillette et al., unpub-
lished data), so there is extremely little risk of accidental re-
moval by wildlife brushing up against the treated trees. In
some cases, discrete, removable devices may have regulatory
advantages over small, highly dispersed release devices such
as flakes. However, most discrete, removable devices that
have been developed for use in managing bark beetles require
placement at a height of 5 m above ground, making removal
(as well as deployment) an operational challenge. Although
the flakes, unlike pouches and bubble caps, are not discrete
removable devices, each flake contains only a small quantity
of active ingredient and they are firmly glued to the bark,
making it difficult to conceive that wildlife or park visitors
would remove enough of them to present a hazard. If desired,
sprays could even be applied above the reach of children. We
used a hydroseeder for our applications to achieve a high
level of consistency, which limited our study sites to road-
side treatments. However, in an operational setting, other
application methods, such as paint-balls and aerial sprays,
would open up the possibility of this type of treatment for
steep and remote areas.

Other chemicals, such as green leaf volatiles and nonhost
angiosperm volatiles, may increase the efficacy of verbenone
in protecting pines from attack by bark beetles (Wilson et al.,
1996; Huber & Borden, 2001; Borden et al., 2003; Pureswaran &
Borden, 2004; Fettig et al., 2005). However, in these stud-
ies, at least eight additional components were required to
achieve significant control of mountain pine beetle (Huber &
Borden, 2001), and only a nine-component blend added to
verbenone performed better than high-release verbenone
alone for control of western pine beetle Dendroctonus brevi-
comis LeConte (Fettig et al., 2005). Each additional compo-
nent must undergo regulatory evaluation, including an array
of fish, avian, invertebrate, plant and mammalian toxicity
tests, for it to be registered for use in pest control. That pro-
cess might be prohibitive for such complex blends.

We hypothesized that a single-component pheromone
could be effective if deployed in a release system with
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the proper release characteristics (i.e. sustained, high release
lasting throughout the beetle flight period). Such a single-
component release system has obvious regulatory and mar-
keting advantages, which are often crucial for product
development for forestry uses. We selected verbenone as the
active ingredient because of its demonstrated efficacy as an
anti-aggregation pheromone for a wide variety of species in
the genus Dendroctonus, and in particular D. ponderosae
(Borden, 1997). We chose a laminated flake release device
with the expectation that such a formulation, in which the ac-
tive ingredient is held largely within the release device,
might have superior release characteristics that would pro-
vide sustained levels of verbenone in a stand throughout the
beetle flight period, normally late May to August in interior
northern California (Furniss & Carolin, 1977; Waters,
1985a). In the summer of 2004, we field-tested a laminated
‘flake’ formulation of verbenone (DISRUPT Micro-Flake®
Verbenone Bark Beetle Anti-Aggregant, Hercon
Environmental, Emigsville, Pennsylvania) similar to one
used for decades in the Gypsy Moth Lymantria dispar
Linnaeus ‘Slow-the-Spread’ program (Sharov et al., 2002).

We report the results of tests of the verbenone flake for-
mulation applied to individual pine trees for protection from
attack by D. ponderosae. The red turpentine beetle
Dendroctonus valens LeConte, a secondary pest that some-
times attacks trees weakened by previous D. ponderosae
attacks (Wood et al., 2003), was also present in our study site
and we therefore exploited the opportunity to assess efficacy
against this pest too. This is the first report of a laminated
flake formulation for protection of forest trees from bark
beetle attack.

Materials and methods

Study location

The study was installed on 12 August 2004 on industrial for-
estry lands in Section 31, Siskiyou County, California
(122°7'24.88W, 41°31'42.24N, approximately 5.6 km north-
east of the peak of Mt. Shasta), T43N, R3W, Section 36, at
an elevation of 2240 m. The site is in the rain shadow of the
southern Cascade Range on the edge of the Basin and Range
Province, and is characterized by cool, dry summers and very
cold winters. The forest consists of secondary growth natural
stand composed of interior lodgepole pine with a small com-
ponent of Shasta red fir Abies magnifica var. shastensis
Lemm. The site was chosen because it has a history of
D. ponderosae infestations and is characteristic of much of
industrial forestry land in the western U.S.A. (i.e. basal area
and competing vegetation levels are lower than in most pub-
licly managed lands). The flight periods of both D. ponderosae
and D. valens typically begin 2-3 months before applications
were made (Wood et al., 2003); thus, we baited trees with
aggregation pheromones to ensure high levels of attack by
D. ponderosae. Earlier tests (N. E. Gillette et al., unpublished
data) indicated that trees under attack by D. ponderosae are
likely to be attacked by D. valens as well. Because there is no
known aggregation pheromone for D. valens, we relied on
existing host volatiles cues to attract D. valens.
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Pheromone formulation

(S)-(-)-verbenone (Bedoukian Research, Connecticut) was
formulated as the active ingredient (AI) in a polyvinyl
chloride resin layer sandwiched between two impermeable
polymer layers (Hercon Environmental) at the rate of 15%
wt/wt Al (i.e. 150 g Al/kg flake material). The sheets of lami-
nate were cut into 3 X 3 mm squares, which were suspended
in a solution of distilled water with 4.0% (v/v) Gelva sticker
(Hercon Environmental) and 5.72 g/L guar gum (Hercon
Environmental) as thickener. A solution of the formulation,
identical except for the absence of flakes, was prepared for
application to control trees.

Application

Application was made on 12 August 2004 using a modified
hydroseeder seed/mulch spraying apparatus (Hercon
Environmental) at the rate of 11.4 L/tree carrying 100 g/tree
of flakes and 15 g/tree of Al. Flake and control formulations
were sprayed onto trees in a single strip, approximately 30
cm wide, on a single side of each tree from ground level to a
height of 7 m. Laboratory pheromone release data provided
by the manufacturer showed that the flakes release verbenone
at the rate of approximately 1 mg/day per gram of product,
and we estimate that each tree therefore released approxi-
mately 100 mg verbenone/day during beetle flight.
Immediately after treatment, each tree was baited at breast
height with a mountain pine beetle lure (Phero Tech, Inc.,
Canada) containing trans-verbenol and cis-verbenol, in a
ratio of 87 : 13, plus exo-brevicomin. Each lure was taped over
half of its surface with duct tape to reduce the release rate of
lure components because previous experience indicated that
full strength aggregation pheromone lures were probably too
strong a cue. Lures were refreshed 4 weeks after treatment,
and were left in place over the winter because early snow-
storms blocked access to the site after the 8-week sampling
interval. The site remained inaccessible for 9 months after
the last sampling interval.

Experimental design, sampling and
statistical analysis

Forty trees of similar size (as measured by diameter at breast
height; d.b.h.) and live crown ratio were selected from among
all accessible (i.e. roadside) trees in the stand. Hydroseeders
must be towed by an all-terrain vehicle, and therefore not all
trees within the stand were accessible for treatment. Trees
selected for the study were a minimum of 50 m apart. Twenty
trees were selected at random for treatment from among the
40 trees, and the remainder served as controls. Both d.b.h.
and live crown ratio are thought to be correlated with tree
susceptibility to D. ponderosae attack, with larger trees and
trees with lower ratios of live crown to total tree height being
considered more susceptible to attack (Waters, 1985b).
Competition among trees, as measured by basal area of tree
surface per hectare, is also thought to contribute to suscepti-
bility to bark beetle attack (Wood et al., 1985). Trees were
therefore measured for d.b.h., live crown ratio and basal area,
and these traits were subjected to a chi-square test to ensure
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that there was no inadvertent bias in the random selection of
trees for treatment vs. control categories. There were no sig-
nificant differences in d.b.h., basal area, or live crown ratio
between treated and control trees (Table 1).

A 30-cm band was demarcated on the bole of each tree,
with the base of the band centred at breast height. At 2, 4, 6
and 8 weeks after treatment, counts were made of the number
of resinous pitch tubes (D. ponderosae attacks) within each
of these 30-cm bands. At the same time intervals, counts
were also made below the bottom of the 30-cm base of
the number of D. valens attacks per tree and the number
D. ponderosae attacks producing dry frass. The latter number
was coded as a dry frass index (0 = no dry frass; 1 = one to
ten attacks with dry frass; 2 = more than ten attacks with dry
frass). These categories were intended to provide a predic-
tion of ultimate tree mortality because trees that have many
attacks with dry frass (as opposed to highly resinous pitch
tubes) are considered likely to have depleted their defensive
resources and are more likely to succumb to bark beetle at-
tack. We assumed that no trees in category 0 would ulti-
mately die, some in category 1 would die, and all in category
2 would die. At 11 months after treatment, trees were
inspected and ranked into one of three categories: (1) obvi-
ously dead, (2) obviously alive, or (3) uncertain status. The
obviously living trees had deep green foliage overall, whereas
the obviously dead trees had lime-green (‘fading’) to yellow,
orange or brown foliage. Trees placed in the ‘uncertain’
category still had deep green foliage but had evidence of
reduced resin flow (many dry frass tubes), or individual
branches with brown foliage. There can be some spatial over-
lap on tree boles between attacks by D. ponderosae and D.
valens, but D. valens normally produces much more resinous
pitch tubes that are located lower on the bole than D. ponde-
rosae pitch tubes. However, when the species of attacking
beetle was uncertain, we later removed bark in the area of
the pitch tubes to examine beetle galleries, which are clearly
diagnostic for the two species (Furniss & Carolin, 1977).

The numbers of D. ponderosae and D. valens attacks per
unit area of bark (attack density) were analysed with general-
ized linear models for over-dispersed Poisson distributed
responses for counts with repeated measures (McCulloch &
Searle, 2001) offset by the log of the area of tree trunk meas-
ured for rate of attack. The dry frass index was analysed with
the Pearson’s chi-squared test for independence for a three-
way contingency table (Agresti, 1996) and graphically dis-
played using Mosaic plots (Friendly, 1994). The final dry frass
indices were fitted with the proportional odds model (Collett,
1991). The score chi-square statistic was used to compare
treatment effect vs. control for each sampling interval. This
test is based on the generalized score function (Rotnitzky &
Jewell, 1990; Boos, 1992). A GENMOD procedure (SAS
Institute, 1997) was used for fitting over-dispersed Poisson
generalized linear model. A LOGISTIC procedure was used
for fitting proportional odds model to the frass index, and
R XTABS routine with R MOSAICPLOTS routine
(Development Core Team, 2004) were used for the Pearson’s
chi-squared test. The tree mortality status was also assessed
by the R XTABS routine using the Pearson chi-squared test
for independence.

Table1 Stand characteristics of treated and control trees

Live crown Basal area
Stand d.b.h. (cm) ratio (%) (m?/ha)
Treated 31.25 £+ 4.202 70.75 + 15.582 29.02 + 15.502
Control 34.30 + 5.68? 68.25 £ 17.048  28.69 + 15.172

Means + SD in the same columns followed by the same
superscript letter are not significantly different at « = 0.05,
Chi-square test

d.b.h., Diameter at breast height; live crown ratio, ratio of height
of tree to live crown to total height of tree, expressed as a
percentage; basal area, square meters of tree trunk per ha (P >
0.05 for each of the three comparisons).

Results

Treated trees had significantly lower attack rates by D. ponde-
rosae at 2, 4, 6 and 8 weeks after application of flakes
(Fig. 1), with mean attack densities reduced to near zero for
treated trees at each sampling interval (P < 0.0001). No sin-
gle treated tree was attacked by D. valens, whereas control
trees averaged nearly two D. valens attacks per tree, 8 weeks
after treatment, resulting in a significant treatment effect for
this pest species too (Fig.2) (P < 0.0001). The dry frass
index, used to predict ultimate tree mortality, was signifi-
cantly higher in control trees than treated trees for all sam-
pling intervals (P < 0.0001) (Fig.3) and, at week 8, the
proportional odds model showed that the control trees had a
significantly poorer prognosis than treated trees (P <
0.0001). Ten months after application, treated trees showed
significantly lower mountain pine beetle mortality than con-
trol trees (Fig. 4) (P < 0.0001), with no mortality in treated
trees and no definite survivors in untreated trees. The dry
frass index was a highly reliable indicator of ultimate tree
mortality (Fig. 5) (P < 0.0001), indicating that this measure-
ment may provide a useful short-term predictor for long-term
survival of trees under attack by bark beetles.

Discussion

Several previous studies have demonstrated efficacy of other
verbenone formulations for protection of both individual
trees and forest stands from attack by D. ponderosae
(Lindgren & Miller, 2002; Kegley et al., 2003; Progar, 2003;
Gibson & Kegley, 2004; Kegley & Gibson, 2004). Those
studies utilized pouch or bubble cap release devices applied
singly to trees and resulting in a rate of 800 mg Al/tree for
bubble caps and 4.65 g/Al/tree for pouches, compared with
15 g/Al/tree for the flake formulation. The reduction in rate
of attack by D. ponderosae and D. valens in the present study
was rather striking and was significant at each sampling
interval, lasting for at least 8 weeks (Figs 1, 2). This result was
considerably better than in some previous studies using both
bubble caps and pouches (Lister ez al., 1990; Progar, 2005).
The improved efficacy observed with the flake formulation
in the present study may be simply a result of higher appli-
cation rates/tree using flakes, or may result from improved
pheromone distribution with release of pheromone from
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Figure 1 Mean density of attack by Dendroctonus ponderosae
(number of attacks/cm? of bark) at 2-week intervals after treatment.
Shaded boxes represent the interquartile range; whiskers
represent the range excluding outliers and extreme values;
outliers are shown as open circles, and extreme values are shown
as asterisks. Rate of attack on treated trees was significantly
different from controls (P < 0.0001) for every sampling interval
(score chi-square statistic).

many point-sources over a much larger surface area (i.e.
2.1 m? for flakes vs. 0.070 m? for bubble caps). Bentz et al.
(2005) suggest that higher emerging beetle populations may
overwhelm the standard verbenone pouch treatment, but
further research will be needed to determine whether the
increased verbenone release rate or the more dispersed phe-
romone release pattern was responsible for the improved ef-
ficacy observed in the present study.

The increased rate of attack by D. valens in untreated trees
vs. treated trees may have resulted from: (1) an increase in
host attractants released by D. ponderosae attacks in those
untreated trees (Hobson et al., 1993); (2) pheromones re-
leased by attacking D. ponderosae; or (3) the anti-aggregation
effects of the verbenone treatment itself. Verbenone was
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Figure 2 Mean density of attack by Dendroctonus valens/ree
(number of attacks/cm? of bark) at 2-week intervals after treatment.
Shaded boxes represent the interquartile range; whiskers
represent the range excluding outliers, and outliers are shown as
open circles. Rate of attack on treated trees was significantly
different from controls (P < 0.0001) for each sampling period
(score chi-square statistic).
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Control

Treated

Week

Proportion of trees in each frass index

Figure 3 Contingency table representation of dry frass indices
for four sampling intervals after treatment. White, no dry frass;
grey, one to ten attacks with dry frass; black, more than ten
attacks with dry frass. Treatment had a significant effect on dry
frass indices (Pearson’s chi-squared test, P < 0.0001).

previously shown to inhibit attraction of D. valens to its hosts
(Rappaport et al., 2001; Sun et al., 2003), and we believe
that this outcome is probably a result of both the verbenone
treatment and the induction of other semiochemicals, such as
frontalin, exo-brevicomin and cis- and trans-verbenol, by at-
tacking congeners (Pureswaran et al., 2000), as has been
shown for D. valens after attacks by D. brevicomis LeConte
(D. R. Owen, unpublished data). Indeed, Sanchez Martinez &
Wagner (2002) reported that D. valens was an indicator of un-
managed stands in a ponderosa pine ecosystem in northern
Arizona, U.S.A., suggesting that the effect may be reflective
of increased tree stress and subsequent changes in the semi-
ochemical environment.

The proportion of trees with 10 or more attacks with dry
frass increased slightly over time in both the control and
treated trees, but reached a plateau at four weeks in only
treated trees (not controls) (Fig. 3), suggesting that an effec-
tive dose of verbenone was released from flakes during this
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Figure 4 Frequency distribution of trees in mortality categories.
Categories are Alive, Uncertain and Dead (as defined in the text).
There was a significant treatment effect on mortality categories
(Pearson’s test, P < 0.0001).
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Figure 5 Numbers of trees in mortality categories plotted against
dry frass index (dry frass categories: 0 = no dry frass; 1 = one to
ten attacks with dry frass; 2 = more than attacks with dry frass)
(Pearson’s chi-squared test of independence, P < 0.0001).

eight week portion of beetle flight. A related study of aerially
applied Verbenone DISRUPT® flakes, conducted nearby dur-
ing the same year, indicated that the flakes continued to emit
behaviorally significant amounts of verbenone for at least
14 weeks following treatment (Gillette et al., unpublished
data), lending support to that conclusion. The dry frass index
may prove to be very useful as an early indicator for assess-
ing the effects of other tree-killing bark beetle species, as
well. This method facilitates estimates of ultimate tree mor-
tality shortly following bark beetle attack, without waiting a
year or more for obvious tree death and without resorting to
destructive sampling methods such as removal of tree bark to
examine the status of bark beetle galleries.

The final tree mortality counts (Fig. 4) revealed a striking
treatment effect, with treatment dramatically improving the
chance of survival for a tree. Ninety percent of treated trees
were alive, 10% of treated trees were of uncertain status and
none were dead, whereas 70% of control trees were clearly
dead, 30% of control trees were of uncertain status and none
were alive. The treated trees clearly suffered a few beetle
attacks (Figs 1, 2), but were able to defend themselves by
pitching out the beetles with resin. These results, indicating
that verbenone DISRUPT® flakes were able to inhibit aggre-
gation to a very strong cue, are quite promising. By the time
of the final tree mortality count, the flakes were apparently
depleted because there was evidence of fresh (spring or early
summer of 2005) beetle attacks on treated trees, but the trees
were producing copious resin and were effectively repelling
the attacks. In addition to the immediate tree mortality data,
which show a clear and strong treatment effect, we noted that
there were four ‘spill-over’ attacks on trees adjacent to trees
baited with aggregation pheromone. All four of the spill-over
attacks occurred adjacent to control trees, and none of them
occurred next to treated trees. There is thus some evidence of
an analogous spill-over protective effect of the verbenone
flakes, which is encouraging in view of the desirability of
achieving an area-wide protective effect.

Pouch and bubble cap release devices, when effective, are
particularly useful in situations where access is easy and ter-
rain smooth. On the other hand, flakes are amenable to aerial

application, and thus have advantages in remote areas. The
flake formulation is one of the few new release devices for
verbenone in the last decade. Shea et al. (1992) reported one
success using a polyolefin bead formulation of verbenone,
but they report that they were unable to replicate that suc-
cess. Holsten et al. (2000) later showed that the bead formu-
lation released verbenone for only 2 weeks after application
to forest stands, which may explain the inconsistent results
achieved with that formulation. Sun et al. (2003) showed ef-
ficacy of a sprayable, microencapsulated formulation of ver-
benone for protection of Chinese pine Pinus tabuliformis
Carriere for protection from D. valens attack, but that formu-
lation is no longer commercially available.

The results of the present study suggest that either a higher
release rate or a larger release surface may provide better
protection than some previous formulations, but further stud-
ies must be conducted, especially considering the inconsist-
ent results obtained in some previous studies with verbenone
(Shea et al., 1992; Progar, 2005). It is promising that this
single-component release system has shown efficacy for one
important forest pest, D. ponderosae, and one secondary
pest, D. valens, which occasionally acts as a primary tree-
killer (Sun et al., 2003; Eaton & Rodriguez Lara, 1967;
Rappaport et al., 2001). Although multiple component for-
mulations using verbenone with ipsdienol (Bertram & Paine,
1994) or angiosperm or green-leaf volatiles may provide en-
hanced efficacy over verbenone alone for some beetle spe-
cies (Huber & Borden, 2001; Borden et al., 2003; Pureswan &
Borden, 2004), each additional component poses further regu-
latory and manufacturing obstacles that may limit product
development in what is widely considered to be a ‘niche’
market. On the other hand, many of the nonhost volatiles are
considerably cheaper than verbenone, a factor that may out-
weigh the costs of nontarget testing and maintenance of regu-
latory approval for multiple component formulations. Single
component products, to the extent that they provide effective
control with minimal regulatory effort, are nevertheless obvi-
ously advantageous. The evidence presented herein suggests
that the efficacy of verbenone for management of bark bee-
tles may be considerably enhanced simply by deploying it at
higher release rates and/or from different types of release de-
vices. However, it would be a simple matter to include adju-
vant flakes in cases where verbenone alone does not provide
sufficient protection. Verbenone is an interruptant for a wide
range of Dendroctonus spp. (Skillen et al., 1997; Rappaport
et al., 2001), and this broad activity makes it especially
promising as a candidate for managing bark beetles. On the
other hand, it should be noted that we conducted two similar
trials of the flake formulation for individual tree protection
against attack by D. brevicomis, with no treatment effect
whatsoever (N. E. Gillette et al., unpublished data). Although
the individual tree protection tests using verbenone flakes
with D. brevicomis were not promising, recent aerial applica-
tion tests of the flakes for D. brevicomis control in P. ponderosa
stands were very encouraging (N. E. Gillette et al., unpub-
lished data). The verbenone flake formulation is one of only
two new bark beetle pheromone formulations in more than a
decade with the potential for aerial as well as ground appli-
cation (Sun er al., 2003), and the release device is already
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registered for use with pheromones of forest Lepidoptera
(Sharov et al., 2002). Although more testing is clearly re-
quired to confirm the efficacy shown in this study, changing
forest stand conditions (Hessburg et al., 2000) and climate
trends (Logan & Powell, 2001; Breshears et al., 2005;
Wilent, 2005) suggest a continuing need for large, area-wide
treatments for bark beetle management.

Acknowledgements

We thank Charlie Brown (Fruit Growers Supply, Hilt,
California, U.S.A.) for providing access to private lands to
conduct this study. Thomas Young and Kelly Conner (Fruit
Growers Supply, Hilt, California, U.S.A.) and James Nelson
(Hercon Environmental, Wenatchee, Washington, U.S.A.)
assisted with installation of the study. Bob Carlson (USDA
Forest Service, Redding, California, U.S.A.) assisted with
post-treatment assessments. James Heath (Hercon Environ-
mental, Emigsville, Pennsylvania, U.S.A.) provided verbenone
flakes to our specifications and provided helpful advice on
release curves, application methods, and formulation proce-
dures. Steven Burke (S. E. Burke Consulting, Surrey, British
Colombia, Canada) provided valuable assistance with aspects
of formulation. Dan Miller (USDA Forest Service, Athens,
Georgia, U.S.A.) and Eric Smith (USDA Forest Service, Fort
Collins, Colorado, U.S.A.) provided very helpful reviews of
the manuscript. Mention of trade names does not constitute
endorsement by the USDA Forest Service.

References

Agresti, A. (1996) An Introduction to Categorical Analysis. John
Wiley & Sons Inc., New York, New York.

Amman, G.D. & Logan, J.A. (1998) Silvicultural control of moun-
tain pine beetle: prescriptions and the influence of microclimate.
American Entomologist, 44, 166—-177.

Bentz, B.J., Kegley, S., Gibson, K. & Thier, R. (2005) A test of
high-dose verbenone for stand-level protection of lodgepole and
whitebark pine from mountain pine beetle (Coleoptera: Curcu-
lionidae: Scolytinae) attacks. Journal of Economic Entomology,
98, 1614-1621.

Bertram, S.L. & Paine, T.D. (1994) Influence of aggregation inhibi-
tors (verbenone and ipsdienol) on landing and attack behavior of
Dendroctonus brevicomis (Coleoptera: Scolytidae). Journal of
Chemical Ecology, 20, 1617-1629.

Boos, D. (1992) On generalized score tests. American Statistician,
46, 327-333.

Borden, J.H. (1997) Disruption of semiochemical-mediated aggrega-
tion in bark beetles. Insect Pheromone Research: New Directions
(ed. by R.T. Cardé and A.K. Minks), pp. 421-438. Chapman &
Hall, New York, New York.

Borden, J.H., Chong, L.J., Earle, T.J. & Huber, D.P.W. (2003) Pro-
tection of lodgepole pine from attack by the mountain pine beetle,
Dendroctonus ponderosae (Coleoptera: Scolytidae) using high
doses of verbenone in combination with nonhost bark volatiles.
Forestry Chronicle, 79, 685-691.

Breshears, D.D., Cobb, N.S., Rich, P.M. et al. (2005) Regional veg-
etation die-off in response to global-change-type drought. Pro-

© 2006 The Authors

Verbenone flakes protect pines from bark beetles 249

ceedings of the National Academy of Sciences of the U.S.A., 102,
15.144-15.148.

Buttery, R.G., Light, D.M., Nam, Y.L., Merrill, G.B. & Roitman, J.N.
(2000) Volatile components of green walnut husks. (2000). Jour-
nal of Agricultural and Food Chemistry, 48, 2858-2861.

Cerezke, H.F. (1995) Egg gallery, brood production, and adult char-
acteristics of mountain pine beetle, Dendroctonus ponderosae
Hopkins (Coleoptera: Scolytidae), in three pine hosts. The Cana-
dian Entomologist, 127, 955-965.

Clarke, S.R., Salom, S.M., Billings, R.F., Berisford, C.W., Upton,
W.W., McClellan, Q.C. & Dalusky, M.J. (1999) A scentsible ap-
proach to controlling southern pine beetles: two new tactics using
verbenone. Journal of Forestry, 97, 26-31.

Collett, D. (1991) Modelling Binary Data. Chapman & Hall,
New York, New York.

Eaton, B. & Rodriguez Lara, R. (1967) Red turpentine beetle Den-
droctonus valens LeConte. Important Forest Insects and Diseases
of Mutual Concern to Canada, the United States, and Mexico (ed.
by A.G. Davidson and R.M. Prentice), pp. 21-24. Canadian
Department of Forest and Rural Development, Canada.

Elkin, C.M. & Reid, M.L. (2004) Attack and reproductive success of
mountain pine beetles (Coleoptera: Scolytidae) in fire-damaged
lodgepole pines. Environmental Entomology, 33, 1070-1080.

Fettig, C.J., McKelvey, S.R. & Huber, D.P. (2005) Nonhost angio-
sperm volatiles and verbenone disrupt response of western pine
beetle, Dendroctonus brevicomis (Coleoptera: Scolytidae), to
attractant-baited traps. Journal of Economic Entomology, 98,
2041-2048.

Fiddler, G.O., Hart, D.R., Fiddler, T.A. & McDonald, P.M. (1989)
Thinning Decreases Mortality and Increases Growth of Ponde-
rosa Pine in Northeastern California. Research Paper PSW-
94. Pacific Southwest Forest and Range Experiment Station,
Berkeley, California.

Fournier, G., Hadjiakhoondi, M., Leboeuf, M., Cave, A. & Charles,
B. (1997) Essential oils of Annonaceae. Part VII. Essential oils of
Monanthotaxis diclina (Sprague) Verdcourt and Unonopsis guat-
terioides R.E. Fries. Flavour and Fragrance Journal, 12, 95-98.

Friendly, M. (1994) Mosaic displays for multi-way contingency tables.
Journal of the American Statistical Association, 89, 190-200.

Furniss, R.L. & Carolin, V.M. (1977) Western Forest Insects. USDA
Forest Service Miscellaneous Publication 273. USDA Forest
Service, Washington, District of Columbia.

Ghannadi, A. & Zolfaghari, B. (2003) Compositional analysis of the
essential oil of Lallemantia royleana (Benth. in Wall.) Benth.
from Iran. Flavour and Fragrance Journal, 18, 237-239.

Gibson, K. & Kegley, S. (2004) Testing the Efficacy of Verbenone in
Reducing Mountain Pine Beetle Attacks in Second-Growth Ponde-
rosa Pine. Forest Health Protection Report, Northern Region.
USDA Forest Service, Missoula, Montana.

Guillen, M.D. & Cabo, N. (1996) Characterisation of the essen-
tial oils of some cultivated aromatic plants of industrial interest.
Journal of the Science of Food and Agriculture, 70, 359-363.

Haverty, M.1., Shea, P.J., Hoffman, J.T., Wenz, J.M. & Gibson, K.E.
(1998) Effectiveness of Esfenvalerate, Cyfluthrin, and Carbaryl in
Protecting Individual Lodgepole Pines and Ponderosa Pines from
Attack by Dendroctonus spp. Research Paper, Pacific Southwest
Research Station PSW-RP-237. USDA Forest Service, Berkeley,
California.

Hessburg, P.F., Smith, B.G., Slater, R.B., Ottman, R.D. & Alvarado, E.
(2000) Recent changes (1930s-1990s) in spatial patterns of
interior northwest forests, USA. Forest Ecology and Management,
136, 53-83.

Hobson, K.R., Wood, D.L., Cool, L.G., White, P.R., Ohtsuka, T.,
Kubo, I. & Zavarin, E. (1993) Chiral specificity in responses by

Journal compilation © 2006 The Royal Entomological Society, Agricultural and Forest Entomology, 8, 243-251



250 N. E. Gillette et al.

the bark beetle Dendroctonus valens to host kairomones. Journal
of Chemical Ecology, 19, 1837-1846.

Holsten, E.H., Webb, W., Shea, P.J. & Werner, W.A. (2000) Release
Rates of Methylcyclohexenone and Verbenone From Bubblecap
and Bead Releasers Under Field Conditions Suitable for the Man-
agement of Bark Beetles in California, Oregon, and Alaska.
USDA Forest Service Research Paper PNW-RP-544. USDA
Forest Service, Portland, Oregon.

Huber, D.P.W. & Borden, J.H. (2001) Protection of lodgepole pines
from mass attack by mountain pine beetle, Dendroctonus ponde-
rosae, with nonhost angiosperm volatiles and verbenone. Entomo-
logia Experimentalis et Applicata, 99, 131-141.

Johnstone, W.D. (2002) Thinning Lodgepole Pine in Southeastern
British Columbia: 46-Year Results. Working Paper, Ministry of
Forests, Forest Science Program, British Columbia, Vol. 63,
p. 12. Ministry of Forests, Canada.

Jones, MLE., Paine, T.D., Fenn, M.E. & Poth, M.A. (2004) Influence
of ozone and nitrogen deposition on bark beetle activity under
drought conditions. Forest Ecology and Management, 200, 67-76.

Kainulainen, P. & Holopainen, J.K. (2002) Concentrations of sec-
ondary compounds in Scots pine needles at different stages of
decomposition. Soil Biology and Biochemistry, 34, 37-42.

Keane, R.E. (2001) Can the fire-dependent whitebark pine be saved?
Fire Management Today, 61, 17-20.

Kegley, S. & Gibson, K. (2004) Protecting Whitebark Pine Trees
From Mountain Pine Beetle Attack Using Verbenone. Forest
Health Protection Report, Northern Region. USDA Forest Service,
Missoula, Montana.

Kegley, S., Gibson, K., Schwandt, J. & Marsden, M. (2003) A Test
of Verbenone to Protect Individual Whitebark Pine From Moun-
tain Pine Beetle Attack. Forest Health Protection Report, Northern
Region. USDA Forest Service, Missoula, Montana.

Kostyk, B.C., Borden, J.H. & Gries, G. (1993) Photoisomerization
of antiaggregation pheromone verbenone: biological and practical
implications with respect to the mountain pine beetle, Dendrocto-

nus ponderosae Hopkins (Coleoptera: Scolytidae). Journal of

Chemical Ecology, 19, 1749-1759.

Lindgren, B.S. & Miller, D.R. (2002) Effect of verbenone on five
species of bark beetles (Coleoptera: Scolytidae) in lodgepole pine
forests. Environmental Entomology, 3, 759-765.

Lister, C.K., Schmid, J.M., Mata, S.A., Haneman, D., O’Neil, C.,
Pasek, J. & Sower, L. (1990) Verbenone Bubble Caps Ineffective as
a Preventive Strategy Against Mountain Pine Beetle Attacks in Pon-
derosa Pine. Research Note RM-501, Rocky Mountain Forest and
Range Experiment Station. USDA Forest Service, Ogden, Utah.

Logan, J.A. & J.A.Powell (2001) Ghost forests, global warming, and
the mountain pine beetle (Coleoptera: Scolytidae). American
Entomologist, 47, 160-173.

McCulloch, C.E. & Searle, S.R. (2001) Generalized, Linear, and
Mixed Models. John Wiley & Sons, Inc., New York, New York.
McHugh, C.W., Kolb, T.E. & Wilson, J.L. (2003) Bark beetle
attacks on ponderosa pine following fire in Northern Arizona.

Environmental Entomology, 32, 510-522.

Molyneux, R.J., Stevens, K.L. & James, L.F. (1980) Chemistry of
toxic range plants: volatile constituents of broomweed (Gutierre-
zia sarothrae). Journal of Agricultural and Food Chemistry, 28,
1332-1333.

Naumann, K. & Rankin, L.J. (1999) Pre-attack systemic applications
of a neem-based insecticide for control of the mountain pine beetle,
Dendroctonus ponderosae Hopkins (Coleoptera: Scolytidae). Jour-
nal of the Entomological Society of British Columbia, 96, 13—19.

Negron, J.F. & Popp, J.B. (2004) Probability of ponderosa pine in-
festation by mountain pine beetle in the Colorado Front Range.
Forest Ecology and Management, 191, 17-27.

Payne, T.L. & Billings, R.F. (1989) Evaluation of (S)-verbenone
applications for suppressing southern pine beetle (Coleoptera:
Scolytidae) infestations. Journal of Economic Entomology,
82, 1702-1708.

Payne, T.L., Billings, R.F., Berisford, C.W., Salom, S.M., Grosman,
D.M., Dalusky, M.J. & Upton, W.W. (1992) Disruption of Den-
droctonus frontalis (Col., Scolytidae) infestations with an inhibi-
tor pheromone. Journal of Applied Entomology, 114, 341-347.

Perkins, D.L. & Roberts, D.W. (2003) Predictive models of white-
bark pine mortality from mountain pine beetle. Forest Ecology
and Management, 174, 495-510.

Pintore, G., Usai, M., Bradesi, P. et al. (2002) Chemical composition
and antimicrobial activity of Rosmarinus officinalis L. oils from
Sardinia and Corsica. Flavour and Fragrance Journal, 17, 15-19.

Progar, R.A. (2003) Verbenone reduces mountain pine beetle attack in
lodgepole pine. Western Journal of Applied Forestry, 18, 229-232.

Progar, R.A. (2005) Five-year operational trial of verbenone to deter
mountain pine beetle (Dendroctonus ponderosae; Coleoptera:
Scolytidae) attack of lodgepole pine (Pinus contorta). Environ-
mental Entomology, 34, 1402-1407.

Pureswaran, D.S. & Borden, J.H. (2004) New repellent semiochemi-
cals for three species of Dendroctonus (Coleoptera: Scolytidae).
Chemoecology, 14, 67-75.

Pureswaran, D.S., Gries, R., Borden, J.H. & Pierce, J.D. Jr (2000)
Dynamics of pheromone production and communication in the
mountain pine beetle, Dendroctonus ponderosae Hopkins, and the
pine engraver, Ips pini (Say) (Coleoptera: Scolytidae). Chemo-
ecology, 10, 153-168.

R. Development Core Team. (2004) R: a language and environment
for statistical computing. http//www.r-project.org/ [accessed on
3 August 2005].

Rappaport, N.G., Owen, D.R. & Stein, J.D. (2001) Interruption
of semiochemical-mediated attraction of Dendroctonus valens
(Coleoptera: Scolytidae) and selected nontarget insects by verbenone.
Environmental Entomology, 30, 837-841.

Robles, C., Bousquet-Melou, A., Garzino, S. & Bonin, G. (2003)
Comparison of essential oil composition of two varieties of Cistus
ladanifer. Biochemical Systematics and Ecology, 31, 339-343.

Rotnitzky, A. & Jewell, N.P. (1990) Hypothesis testing of regression
parameters in semiparametric generalized linear models for clus-
ter correlated data. Biometrika, 77, 485-497.

Safranyik, L., Shore, T.L., Carroll, A.L. & Linton, D.A. (2004) Bark
beetle (Coleoptera: Scolytidae) diversity in spaced and unman-
aged mature lodgepole pine (Pinaceae) in southeastern British
Columbia. Forest Ecology and Management, 200, 23-38.

Salom, S.M., Grosman, D.M., McClellan, Q.C. & Payne, T.L. (1995)
Effect of an inhibitor-based suppression tactic on abundance and
distribution of the southern pine beetle (Coleoptera: Scolytidae)
and its natural enemies. Journal of Economic Entomology, 88,
1703-1716.

Sédnchez Martinez, G. & Wagner, M.R. (2002) Bark beetle commu-
nity structure under four ponderosa pine forest stand conditions in
northern Arizona. Forest Ecology and Management, 170,145-160.

SAS Institute. (1997) SAS/STAT Software: Changes and Enhancements
Through Release 6.12. SAS Institute, Inc., Cary, North Carolina.

Schwandt, J. & Kegley, S. (2004) Mountain pine beetle, blister rust,
and their interaction on whitebark pine at Trout Lake and Fisher
Peak in northern Idaho from 2001 to 2003. Forest Health Protec-
tion Report, Northern Region. USDA Forest Service, Missoula,
Montana.

Sefidkon, F., Jalili, A. & Mirhaji, T. (2002) Essential oil composi-
tion of three Artemisia spp. from Iran. Flavour and Fragrance
Journal, 17, 150-152.

© 2006 The Authors

Journal compilation © 2006 The Royal Entomological Society, Agricultural and Forest Entomology, 8, 243-251



Sharov, A.A., Leonard, D., Liebhold, A.M., Roberts, E.A. &
Dickerson, W. (2002) ‘Slow the spread’: a national program to
contain the gypsy moth. Journal of Forestry, 100, 30-35.

Shea, P.J., McGregor, M.D. & Daterman, G.E. (1992) Aerial appli-
cation of verbenone reduces attack of lodgepole pine by mountain
pine beetle. Canadian Journal of Forest Research, 22, 436—-441.

Shore, T.L., Safranyik, L. & Lemieux, J.P. (2000) Susceptibility of
lodgepole pine stands to the mountain pine beetle: testing of a rat-
ing system. Canadian Journal of Forest Research, 30, 44—49.

Skillen, E.L., Berisford, C.W., Camann, M.A. & Reardon, R.C.
(1997) Semiochemicals of Forest and Shade Tree Insects in North
America and Management Applications. Forest Health Technol-
ogy Enterprise Team, FHTET 96-15. USDA Forest Service,
Morgantown, West Virginia.

Smith, E.L., McMahan, A.J. & Wang, G.Z. (2002) Eco-Physiology
Approach to Projecting Tree Stress and Vigor in FVS. Proceed-
ings of the Rocky Mountain Research Station, RMRS-P-25,
pp- 146-150. USDA Forest Service, Ogden, Utah.

Sun, J.H., Gillette, N.E., Miao, Z.W., Kang, L., Zhang, Z.N., Owen,
D.R. & Stein, J.D. (2003) Verbenone inhibits attraction to host
volatiles and reduces attack by Dendroctonus valens LeConte
(Coleoptera: Scolytidae) on Pinus tabuliformis in China. Cana-
dian Entomologist, 135, 721-732.

Taylor, S.P., Wilson, .M. & White, K.J. (1997) Topical application
of carbon dioxide and liquid nitrogen against the mountain pine
beetle, Dendroctonus ponderosae (Coleoptera: Scolytidae). Jour-
nal of the Entomological Society of British Columbia, 94, 63—66.

Tomback, D.F., Arno, S.F. & Keane, R.E. (2001) Whitebark Pine
Communities: Ecology and Restoration. Island Press, Washington,
District of Colombia.

Umano, K., Hagi, Y., Nakahara, K., Shoji, A. & Shibamoto, T.
(2000) Volatile chemicals identified in extracts from leaves of
Japanese mugwort (Artemisia princeps Pamp.). Journal of Agri-
cultural and Food Chemistry, 48, 3463-34609.

Waters, W.E. (1985a) The pine-bark beetle ecosystem: A pest man-
agement challenge. Integrated Pest Management in Pine-Bark
Beetle Ecosystems (ed. by W.W. Waters, R.W. Stark and

© 2006 The Authors

Verbenone flakes protect pines from bark beetles 251

D.L. Wood), pp. 49-60. John Wiley & Sons, Inc., New York,
New York.

Waters, W.E. (1985b) Monitoring bark beetle populations and
beetle-caused damage. Integrated Pest Management in Pine-
Bark Beetle Ecosystems (ed. by W.W. Waters, R.W. Stark and
D.L. Wood), pp. 141-176. John Wiley & Sons, Inc., New York,
New York.

Whitehead, R.J. & Russo, G.L. (2005) ‘Beetle-Proofed’ Lodgepole
Pine Stands in Interior British Columbia Have Less Damage
From Mountain Pine Beetle. Information Report BC-X-402.
Pacific Forestry Centre, Canadian Forest Service, Canada.

Wilent, S. (2005) Mountain pine beetles threaten Canadian, US
forest. The Forestry Source. http://www.safnet.org/archive/0505_
beetle.cfm [accessed on 28 February 2006].

Wilson, I.M., Borden, J.H., Gries, R. & Gries, G. (1996) Green leaf
volatiles as antiaggregants for the mountain pine beetle, Den-
droctonus ponderosae Hopkins (Coleoptera: Scolytidae). Journal
of Chemical Ecology, 22, 1861-1875.

Wood, D.L., Stark, R.-W., Waters, W.W., Bedard, W.D. & Cobb,
F.W. Jr (1985) Treatment tactics and strategies. Integrated Pest
Management in Pine-Bark Beetle Ecosystems (ed. by W.W.
Waters, R.W. Stark and D.L. Wood), pp. 121-140. John Wiley &
Sons, Inc., New York, New York.

Wood, D.L., Koerber, T.W., Scharpf, R.F. & Storer, A.J. (2003)
Pests of the Native California Conifers. University of California
Press, Berkeley, California.

Wulder, M.A., Seemann, D., Dymond, C.C., Shore, T. & Riel, B.
(2004) Arc/Info Macro Language (AML) Scripts for Mapping Sus-
ceptibility and Risk of Volume Losses to Mountain Pine Beetle in
British Columbia. Technology Transfer Note. Pacific Forestry
Centre, Canadian Forest Service, Canada.

Zausen, G.L., Kolb, T.E., Bailey, J.D. & Wagner, M.R. (2005) Long-
term impacts of stand management on ponderosa pine physiology
and bark beetle abundance in northern Arizona: a replicated land-
scape study. Forest Ecology and Management, 218, 291-305.

Accepted 4 May 2006

Journal compilation © 2006 The Royal Entomological Society, Agricultural and Forest Entomology, 8, 243-251



